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The influence of the structure (swelli ng and fixed charges 

concentration) on the diffusion properties of  ion conducting 

materials  is not well understood. In this paper we analyse 

the variation of the diffusion coeff icient of  the counter-ion 

and of water and of the cation-water flux coupling 

coeff icient (as defined in the generalised Nernst-Planck 

equation) when the structure of the material changes. 

      

The multicomponent Nernst–Planck (1) equation used in the 

simulation is compatible with the diffusion Stefan - Maxwell 

equation and the heterogeneous Spiegler equation. To 

simulate the influence of the structure of the ionic 

conducting polymer we use the dusty gas model: the 

diffusion coeff icients used here are those calculated and 

published by Schaetzel et al. (2) from self-diffusion, 

electroosmosis and electrical conductivity experiments. 

 

We show that, at constant swelli ng of the ion conducting 

polymer, when the concentration of the ionic fixed charges 

increases the diffusivity of water is constant, the diffusion 

coeff icient of the counter-ion and the ion-water coupling 

coeff icient decrease sharply. At constant ion exchange 

capacity of the ion conducting material when swelli ng 

increases, diffusivity of water and of the counter ion, and the 

coupling coeff icient increase. 

 

We finely compute the transport number of water and the 

electrical conductivity of the material with the generalised 

Nernst-Planck equation. We show that electrical conductivity 

is littl e affected by swelli ng but sharply increases with 

exchange capacity. Electroosmosis decreases sharply with 

exchange capacity and increases with swelli ng.  
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An  expression of the diffusion coeff icient of a 

species in a multicomponent mixture is given and 

the coupling coeff icient between two diffusing 

species is defined. The coupling coeff icients are 

not symmetrical. We show that the self diffusion 

coeff icients and the diffusion coeff icients have 

very different values.  
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Introduction 

The Nernst - Planck equation is the expression of Fick's 

equation in electrolyte solutions or solid electrolytes ( for 

example, in ion exchange membranes). In this short 

communication, we derive the expression of the Nernst - 

Planck diffusion equation in a multicomponent solution by 

rearranging the generalized Stefan - Maxwell equation and  

show that the expression used in general leads to serious 

misunderstandings concerning the diffusion coeff icients ( 

which are sometimes understood as the self diffusion 

coeff icients ) and the flux coupling coeff icients which are 

usually put equal to unity. 

 

Derivation of the multicomponent Nernst - Planck equation 

The generalized multicomponent  Stefan - Maxwell equation 

can be written[1]: 
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Ji is the average diffusive molar flux of species i, n the 

number of species in the mixture, ci the molarity of species i, 

R the ideal gas constant, T the absolute temperature and ∇µi 

the gradient of the generalized chemical potential.  The Dij  

are generalizations of Stefan-Maxwell diffusivities and have 

the symmetrical property  ( Dij = Dji  ). Rearranging this 

equation leads to the generalized Nernst - Planck equation: 
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Eqn. (2’) defines clearly Di as the diffusion coeff icient of the 

i species in the multicomponent mixture. This coeff icient is 

different  from the self ( or isotope ) diffusion coeff icient 

defined by [2]: 
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i* is the isotope species. We define αij  as the coupling 

coeff icient between Ji and Jj. This coeff icient does not have  

the  symmetrical property  ( αij  ≠ αji ). 

 

Illustrative example 

An ill ustrative example is needed to show extent to which 

the usual modified Nernst - Planck equation used to describe 

diffusion - convection in ion - exchange membranes is not 

appropriate. Schaetzel et al.[2] have shown that the 

dissipation in this type of dense material is completely of the 

diffusive type and that  viscous effects are negligible. The 

example studied here is a polymeric ion exchange material 

with carboxylate acidic ion exchange groups. The transport 

properties of this material were precisely described by 

Despic and Hill s [3]. The Stefan - Maxwell equation 

explains quantitatively the transport properties in this ion 

exchange material at variable swelli ng and ionization [2]. 

Index 1 holds for the sodium counter ion , 2 for the coion ( 

which has a negligible concentration in the reported 

experiments ), 3 for water , 4 for the ionized ion exchange 

groups and 5 for the non ionized ion exchange groups. We 

have computed the diffusivities ( D1, D3 and D1*) and the 

coupling coeff icients α13 and α31 from the calculated 

mutual diffusivities computed by Schaetzel et al. ( fig. 1 and 

2) based on the experimental results reported by  Despic and 

Hill s [3]. On Fig. 1 and 2 the concentration of the counter 

ions is represented by the degree of ionization ( y1 ) which is 

the ratio between the ionised and the total functional groups. 

 

Discussion 

The usual modified Nernst - Planck equations used in the 

pseudo-binary case ( water plus counterions in an ion - 

exchange membrane) when neglecting convection are: 
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In this equation, x1 represents the mole fraction of the 

counter - ion in the binary liquid mixture. The result for the 

generalized Nernst - Planck equation leads to: 
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In this case, x1 represents the mole fraction in the ternary 

mixture and fig. 1 shows that the coupling coeff icient α13 is 

clearly different from unity and is not symmetrical. So, the 

usual and the generalized Nernst - Planck equations are quite 

different.  

 

 

We show now  how the diffusion coeff icients and the 

coupling coeff icients can be measured in an ion exchange 

membrane ( with total Donnan exclusion ), from three simple 

transport experiments: electroosmotical flux, hydraulic 

permeabilit y and electrical conductivity. From equation (5), 



we see that the product α31 x3 is the transport number of 

water. The D3 coeff icient can be computed from the 

hydraulic membrane permeabilit y ( Dh = J3 V3 / (-dp/dz) ) at 

nil electrical potential gradient and concentration gradient). 

The result is: 
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V3 is the partial molar volume of water. D13 ( = D31) is 

computed from eqn. (2’) . The electrical conductivity (λ) 

measurement leads to the calculation of D1  : 
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α13 is obtained by eqn..(2’) i.e. α13 = D1/D13.  

 

Historically, one of the  reasons for the introduction of  

convective flow in the Nernst - Planck equation is the 

discrepancy between the calculated and the measured water 

transport number: in fact, a polymer ion - exchange 

membrane should be considered as a dense membrane (i. e. a 

pore free membrane ) where the convective flow can be 

neglected. The correct equation to be used should be the 

multicomponent diffusion Nernst - Planck equation 

developed in this paper. Another early error in this field has 

been the use of the self-diffusion coeff icient in place of the 

diffusion coeff icient. For the ill ustrative example, Fig. 1 

shows that the self-diffusion coeff icient is about 20% lower 

than the diffusion coeff icient defined by equation (2’) .  
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Fig. 1 
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Fig. 2 
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Fig. 1 Diffusion coeff icients of the sodium ion ( D1 ), of 

water ( D3) and self diffusivity ( D1* ) of the sodium ion vs. 

neutrality rate in the polymer calculated from [2]. 

 

 

Fig.2 Coupling coeff icients α13 ( sodium ion - water ) and 

α31( water - sodium - ion ) vs. neutralization rate in the 

polymer [2,3,4] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


